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ABSTRACT 
The results of an invest igat ion of the  threshold phenomenon i n  
FM demodulators and techniques f o r  reducing t h i s  threshold are descr 
i n  t h i s  paper. 
1 
I n  the i n i t i a l  phase of the  investigation, the multitude of l i t e r a -  
ture on t h i s  subJect was reviewed. 
literature i s  included i n  the bibliography. 
analysis  i s  presented of the stochastic processes involved i n  the demodula- 
t i o n  of a s ignal  i n  the presence of band-limited white noise. 
analysis  results i n  the derivation of an expression f o r  the signal-to= 
noise r a t i o  t ransfer  charac te r i s t ic  of a conventional FM demodulator. 
From t h i s  expression, it is  obvious that  the FM threshold is a function 
only of the demodulator input signal-to-noise r a t i o  and i s  independent 
of the modulation conditions, 
the threshold, it is  necessary t o  use a form of predetection f i l t e r i n g  
which can reduce the signal-to-noise r a t i o  a t  the frequency discriminator 
input . 
Loop (PLL) and the Frequency-Compressive-Feedback-Loop (FCFL) demodulators 
a re  discussed and the  theory of t h e i r  operation outlined. 
technique, the Frequency-Tracked-Filter is  proposed and a limited inves- 
t i g a t i o n  of i t s  f e a s i b i l i t y  presented. 
A complete l ist  of the  per t inent  
A thorough mathematical 
This 
It i s  concluded from t h i s  t ha t  t o  reduce 
Two controversial  threshold reduction techniques, the Phase-Locked- 
A t h i r d  
The threshold reduction capabi l i t i es  of the FCFL demodulator a re  
evaluated from an experimental model. 
evaluation lead t o  the conclusion tha t ,  while the  ideal ized FCFL demodu- 
l a t o r  appears t o  offer  excellent threshold reduction poss ib i l i t i e s ,  
several  physical l imi ta t ions  severely restrict its capabi l i t i es .  
r e s t r i c t i n g  f ac to r s  include a re la t ive ly  low upper l i m i t  on the amount 
of feedback t h a t  may be applied and st i l l  maintain a stable sys teqand 
the expansion of the  noise bandwidth inside the  loop which is t yp ica l  
of a l l  negative feedback systems. 
demodulators appear t o  have a number of prac t i ca l  advantages Over the 
FCFL demodulatar, 
The results of t h i s  experimental 
nese 
The FZL and Frequency-Tracked-Filter 
Iphey are not as susceptible t o  h o p  delays and t h e i r  
dontrol loops are not i n  the s ignal  path. 
ii 
I 
Most of the  mathematical analysis i n  t h i s  paper were stimulated 
by the excellent l i t e r a t u r e  produced by Dr. E. J. Bsghdady. m i l e  i n  
a l l  cases, the f i n a l  results are  i n  full  agreement with those of I&. 
Eaghdady, it was f e l t  necessary t o  go throu&their  derivations indepen- 
dently because of the d i f f i c u l t y  encountered i n  attempting t o  j u a t i e  
them as they appeared i n  the l i t e r a tu re .  
I wish t o  acknowledge the very able and indispensible ass is tance 
of Mr. Lee Cannon i n  every phase of t h i s  program. 
extended t o  Mr. Michael Berkoff fo r  his contributions i n  the s t a t i s t i -  
c a l  analysis and Mr. Hartvig Melbye f o r  h is  help i n  the construction of 
the experimental models. 
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1.0 INTROlWCTIOrn 
1.1 History and Baclxround .- 
With the  advent of space probes came an increased need f o r  l ight 
weight, l o ~ r  pover, long range t e l eme t ry  s: stems. 
schemes, such a s  large index FM and PM, have same features which place 
them high on the l ist  of candidates. 
systems, they are, i n  genera1,very e f f i c i en t  i n  terms of pmrer. 
expense of added RF bandwidth, these techniques can y ie ld  a considerable 
increase i n  baseband signal-to-noise r a t i o  a t  the receiver output over that  
obtainable from AM, SSB, and similar schenies using the same t ransmit ter  
power, 
increased range or  a lower power and l igh te r  weight t ransmit ter  which would 
thus reduce power supply requirements. 
Exponent ional  modulation 
Although they require ra ther  complex 
A t  the 
This increased baseband signal-to-noise r a t i o  can be exchanged for 
The baseband signal-to-noise r a t i o  improvement i s  obtained a t  the 
demodulator. That is, the baseband signal-to-noise power ra t io ,  
i s  ac tua l ly  higher than the IF signal-to-noise power r a t io ,  TF. 
and TF are expressed i n  decibels, SIF$b var ies  l i nea r ly  with 
qF for  large TF. 
a t  which the  l i nea r  re la t ionship ceases t o  hold and S T b  begins t o  decrease 
much more rapidly than SI’l€$F. If the baseband s ignal  is  an audio signal,  
th i s  point,  cal led the threshold, is characterized by very sharp cracking 
sounds, sometimes ca l led  cl icks ,  i n  the output. 
fur ther  below the  threshold, the clic!:s diminish and the output becomes the  
much more gentle white noise, 
occurs var ies  d ra s t i ca l ly  from author t o  author. 
point where sane par t icu lar  number of c l i c h  per second are heard and 
others  ‘as some par t icu lar  deviation from l inea r i ty .  For convenience, it 
w i l l  be defined here as the point where the deviation frcnn l i n e a r i t y  is t e n  
percent , 
If
As S T F  i s  decreased, however, a point i s  encountered 
As TF is decreased 
The defini t ion of exactly where the threshold 
Some define it as the 
I n  many Instances, the m i n i m u m  acceptable Tb I s  less than that a t  
which the  threshold occurs. Under these conditions, a demodulation technique 
which exhibits a l m r  threshold than a conventional FM demodulator would 
permit. useplll ppcretion 8% a lower S T F .  
- 2 -  
Two of the most successful techniques k n m  t o  date f o r  the reduction 
of the threshold are the phase-locked loop (PU) and the frequency com- 
pressive feedback loop (FCFL) e 
The concept of a phase locked loop is  not new and has been applied 
t o  several  different  systems problems. 
phase locked loops have been analyzed and tes ted  f a i r l y  extensively, but 
much remains t o  be done both analyt ical ly  and experimentally. 
disagree on several  points i n  the analysis. 
holds much higher than predicted mathematically. 
panion papers by Chaffee c5] and Carson [4 ]  i n  July,  1939. 
since been several  papers wri t ten on the F"L and a f e w  receivers bu i l t  
using t h i s  concept, including one f o r  ProJect Echo. As with the  PU, 
much disagreement s t i l l  remains over the theory of the  FCFL and thus, 
much work)both analyt ic  and experimental, remains t o  be done. 
As applied t o  FM demodulation, 
Many authors 
Experimental models have thres- 
The frequency compressive feedback loop was first introduced i n  can- 
There has 
1.2 Contract Objectives 
The obJect of t h i s  program i s  t o  careful ly  invest igate  the  threshold 
phenomenon i n  FM demodulators. 
the region immediately above and below the  threshold point, t o  report  on 
the f e a s i b i l i t y  of producing a prac t ica l  demodulator whose threshold 
point is lower than the presently known threshold. 
t o  design and build a "breadboard" model of such a demodulator which w i l l  
exhibit the desired threshold improvement. 
Then, through a thorough examination of 
Also, if it is  feasible ,  
t 1.3 Work Summary 
I 
The project  was started with an extensive l i t e r a t u r e  search on FM 
demodulation techniques with emphasfs on threshold reduction. 
per t inent  a r t i c l e s  were then careful ly  evaluated (second monthly report)  . 
The more 
I n  addition the  the f a c t s  pointed out i n  Section 1.1, the following 
became evident from the literatllre search: 
- 3 -  
4) 
Those authors who have compared FCL and FCFL indicate  that 
m;lL is  better f o r  low index systems ana FCFL is better f o r  
high index systems. 
The mathematical analysis of FM demodulators a t  and below 
the  threshold region is  extremely d i f f i c u l t  and frequently 
claimed t o  be unsolved. 
Considerable disagreement ex i s t s  between authors i n  the  
qb vs. 
only PLL and FCFL but also conventional FM demodulators i n  
the  region above the  threshold. 
and the location of the  threshold of not 
Very few experimental tests have been published concerning 
FCFL demodulators. 
Since the FCFL demodulator requires a conventional detector within 
i t s  loop, it is necessary t o  have a coherent analysis  of the conventional 
F'M demodulator before the  FCFL demodulator can be analyzed. 
su i tab le  analysis  of the  conventional FM demodulator could be found i n  
Since no 
I the literature, the proJect 's  next task, a lengthy and unexpected one, 
was t o  develop such an analysis. 
i n  Section 2.1. 
The resu l t s  of th i s  analysis are presented 
I n  the ear ly  phases of the  project,  N.A.S.A indicated t h a t  they were 
primarily in te res ted  i n  high modulation index systems. 
literature indicated tha t  FCFL demodulators were superior t o  PLL demodu- 
the FCFL demodulator. 
Since the ex is t ing  
I l a t o r s  under these conditions, it was decided t o  center the analysis about 
This analysis  i s  presented i n  Section 2.2. 
I Section 2.3 gives a very brief description of PLL demodulators. 
I A t h i r d  technique, t h a t  of a tracking f i l t e r  between the  IF output 
and the  demodulator input, was proposed. This technique, described i n  
Section 2.4, i s  probably not new. 
introduction of voltage variable capacitors and current variable inductors, 
was not feasible because no means existed for tuning the  f i l ter  even a t  a 
rate near that  of the  frequency variation of an FM signal  carrying audio 
information. 
board models, one t u b e  and one sol id  s ta te ,  were constructed. 
However, u n t i l  recently, with the 
A very brief analysis was conducted and two very crude bread- 
Although 
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i n i t i a l  tests indicated t h a t  t h i s  approach t o  threshold reduction shows 
promise, lack of time and finances made it essen t i a l  to defer fur ther  
analysis and experimentation. 
Since very l i t t l e  experimental research had been done with FCFL demodu- 
l a to r s ,  i% was deemed useful t o  design and construct a breadboard model of 
such a demodulator, The experimental results obtained from t h i s  model are  
discussed i n  Section 3. 
- 5 -  
2.0 ANALYSIS OF DEMODULATION TECHNIQUES 
2.1 Conventional FM &modulator 
2.1.1 Introduction t o  the Conventional FM Demodulator 
Conventional FM demodulators include such types as the  r a t i o  
detector, the Foster-Seely discriminator, balanced discriminator, and 
the gated-beam discriminator. They consis t  of an amplitude insensi- 
t i v e  device whose output i s  proportional t o  the  time derivative of 
the  phase of the IF signal. 
coherent analysis of the demodulation process. 
var iables  and constants have been selected so a s  t o  remain as con- 
s i s t e n t  as possible with the  current l i t e r a tu re .  
This section gives a br ief  and hopefully 
Symbols f o r  the  
It w i l l  be assumed t h a t  the reader i s  familiar with the basics 
of FM modulation and communication theory and has some understanding 
of the  fundamentals of s t a t i s t i c s  and in tegra l  calculus, 
2,1.2 Derivations on Conventional FM Demodulators 
Let u ( t )  be any baseband information function of bandwidth BWbb. 
A noise-free FM signal  carrying t h i s  information s igna l  can be repre- 
sented mathematically as: 
e ( t )  = E cos [ uct + Awe u ( t )  d t  ] 
r 1 
where: 
A o c  is  the deviation i n  radians. 
The infomat ion  is  thus proportional t o  the  t i m e  varying portion of 
t he  t -he  derivative of the phase of e ( t ) .  L e t  BWIF be the  IF band- 
width required t o  pass, re la t ively undistorted, the  signal, e( t ) .  
- 6 -  
If white noise is assumed t o  be present a t  the receiver input, 
i t s  bandwidth will be l imited t o  BPIIF by IF f i l t e r i n g .  
generally, BWIF <<a 
and thus can be represented by the narrow-band random process 
de scribed by : 
Since, 
the I F  noise will be narrow-band gaussian 
C’ 
where V ( t )  i s  Rayleigh dis t r ibuted and $(t) i s  uniformly dis t r ibuted 
from 0 t o  2%. 
Appendix I. 
The s t a t i s t i c a l  properties of n ( t )  a r e  discussed i n  
tl, will I n  most of the derivations t o  follow, the  argument, 
be dropped. 
amplitude constant. 
Keep i n  mind t h a t  E is  not a function of time but is an 
The s ignal  a t  the  IF  output or the demodulator input w i l l  con- 
sist of the  desired FM signal  and an additive noise. 
= e ( t )  + n ( t )  . I F  e ( 3 )  
I n  Appendix 11, it i s  shown tha t  t h i s  may be expressed as:  
and the demodulator output as  : 
0 
x x  
q c  
h 
xc 2 (1+ - )  - -X 
e E E Ed e = $ + .  
0 
(l+ $)2 + ($)2 
(5 )  
- 7 -  
where 
The first term of Eq. (5)  i s  the desired baseband information signal 
and the  second term i s  the baseband noise. 
I n  Appendix 111, the mean square value of the baseband noise 
term i s  shown t o  be: 
- 
2 4 
2 a  3 + ... ) - i 2  n 2 =+  ( I +   + 
E E 
2 where u 
noise power normalized t o  one ohm. 
i s  the variance of the  noise and i s  equal t o  the  input 
2 me peak input signal, E, is equal t o  J2 E ~ ~ .  n u s ,  E i s  
equal t o  twice the input s ignal  power normalize t o  one ohm. 
Hence : 
1 2 
and: 
- 
+ ... ) 1 2 - i 2  n2 = (1+- + 
E* sNRIF (SNF$F)2 
It is shown i n  Appendix IV tha t :  
(9) 
- 8 -  
Substituting Eq. (10) into Eq. (9) gives: 
Assume : 
$ = Mf s i n  w t m 
where : 
A UC 
m 
Mf = - i s  the modulation index. 
W 
Then: 
and: 
2 * wc * cos2 wmtdt = 
Substituting Eqs. 8, 11, 13, 15, and bfi 2 (BWbb)2 = w into: m 
- 
;2 sNl$b = - - 
2 n 
and simplifying gives the baseband signal-to-noise rat io  as: 
1 
SNRbb = $ M F  SN%F 1 2 (1+ - + 
sN%F (SN€$F)2 
- 9 -  
From t h i s  expression, it i s  apparent tha t  the SN%b is a l inea r  
function of TF u n t i l  the bracketed term becomes s ignif icant .  
The threshold w i l l  be defined as that point where the contribu- 
t i ons  from the  bracketed term causes SNRbb t o  deviate by loqb from 
the s t ra ight  l i n e  relat ion.  
when - 
S T F  = 10 (or  10 db). 
We may assume t h i s  occurs approximately 
= 10' me threshold can then be said t o  occur a t  
1 
s 9 F  
For very high modulation indexes (Mf > 5): 
BWIF = 2(A wc/2n) 
and thus: 
1 
SNRIF %2 
+ ... sN%b * Mf3 ' T F (  l +  2 1+- 
For very low modulation indexes (Mf < *6): 
and thus : 
1 
SN%F TF2 
2 +- + 0 . 0  1+- 1 mRbb M: '?F( 
2.1.3 Discussion of Conventional FM Demodulators 
The signal-to-noise t ransfer  charac te r i s t ics  of a conventional 
M demodulator a re  given by Eqs. (17) and (18) and are  plot ted i n  
Figure 1. 
- 10 - 
Note that the threshold occurs at 10 db regardless of the modulation 
A t  first glance, t h i s  would seem t o  imply t h a t  Tb could be index. 
increased indefini te ly  merely by increasing Mf. 
the IF  bandwidth must be increased t o  accomodate the signal. This w i l l  
increase the noise bandwidth and thus decrease S % f o r  the  same signal  
power. 
threshold. 
However, if M i s  increased, f 
An excessive increase i n  M w i l l  cause TF t o  f a l l  below the f 
100- 
8 0 -  
6 0 .  
n 
a40 
Q 
W 
Eo 
a20 ix 
7 
vs 
0 
-20 
- 4 c  
Figure 1. Signal-to-Noise Transfer Characterist ic 
of a Conventional FM Demodulator. 
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For Mf = 1 / 4 3  = .6 and > 10, Eq. (18) gives s ~ € $ ~  = T ~ .  
This point (i.e., Mf = 1 / (3) i s  defined as the l i n e  between narrow- 
band FM(NB324) and wideband FM(WBFM). 
2.1.4 Approaches t o  the Improvement of FM Demodulation 
I n  the case of l i nea r  modulation techniques such as AM and SSB, 
where a l i nea r  re la t ionship ex is t s  betweenthe high and low frequencies 
of the message or  baseband s ignal  and the RF' or IF signal,  i f  adequate 
RF or I F  f i l t e r i n g  i s  provided, additional baseband f i l t e r i n g  after 
demodulation w i l l  not improve the Tb. 
ever, f o r  a non-linear o r  bandwidth expanding modulation technique 
such as FM. I n  t h i s  case, the RF signal  bandwidth may be many times 
that of the baseband and no such l i nea r  correspondence exists between 
the frequency components of the baseband and the RF signal. 
WBFM, if  the IF  bandwidth is  made as narrow as possible while still  
passing a l l  those RF components necessary t o  f a i th fu l ly  reproduce 
the baseband signal, there  w i l l  s t i l l  e x i s t  noise components on the 
IF' s ignal  which y i e ld  frequency components a t  baseband which can 
extend w e l l  above the highest desired baseband frequency. 
of f ixed predetection f i l t e r i n g  can remove these noise components. 
After detection, the noise component above the highest information 
s ignal  frequency can be removed by good lowpass f i l t e r i n g  and thus, 
the improvement of S T b  over S T F .  
it necessary t o  operate the demodulator a t  an S- much greater 
than S q b .  
since and are  l inear ly  related.  
a t  a spec i f ic  S T F  ( S T F  = 10 db) . Obviously, i f  some technique 
could be devised f o r  removing from the I F  signal, that noise which 
y i e lds  baseband frequencies greater than the information signal, 
p r i o r  t o  detection, S T F  could be sAs tan t i a1 ly  increased and the  
threshold thus reduced. 
This i s  not the case, how- 
For 
No amount 
This belated filtering makes 
Above the  threshold, nothing i s  l o s t  by t h i s  process 
It was proven i n  Section 2.1.2 t h a t  the threshold occurred 
- 12 - 
figure 2. Threshold Reduction Due t o  Predection F i l t e r ing  
Figure 2 demonstrates the  advantage of t h i s  predetection f i l -  
t e r i n g  over postdetection f i l t e r ing .  
minimum acceptable 
operation a t  an SNI$F a s  low as point "b." 
postdetection f i l t e r i n g  may not be iised with an S TF any lower 
than point "c." 
As pointed out above, the predetection f i l t e r i n g  cannot be 
done with a standard bandpass f i l t e r  since the  high frequencies 
i n  the baseband do not necessarily correspond t o  the frequencies 
near e i the r  of the band edges of t he  IF s ignal  as i n  AM and SSB. 
Let  point "a" represent the 
Predetection f i l t e r i n g  then permits 
On the  other hand, 
An FM signal  can be visualized as a single spec t ra l  component 
noving about within a bandwidth of 2 Awe. 
n a l  i s  the time derivative of t h i s  frequency change, the r a t e  of 
change of frequency is  equal t o  the  baseband frequency. 
mum rate of change of frequency desired i n  the  IF signal  i s  thus 
given by the  maximum frequency of t he  information signal. 
when random noise has been added t o  the RF signal, variat ions Of 
higher frequency w i l l  be present. 
the high kequency components i n  t he  baseband signal. 
Since the  baseband sig- 
The m a x i -  
However, 
These rapid var ia t ions y ie ld  
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Three techniques f o r  the reduction of these high frequency 
var ia t ions will be presented here, 
feedback loop, the  phase locked loop, and the tracking filter. 
m e s e  are  the  frequency compressive 
2r2 Frequency Compressive Feedback Loop (,FCFL) 
2.2.1 Introduction t o  the  FCFZ Demodulator 
The frequency compressive feedback loop demodulator is  the most 
sophisticated of the three systems t o  be discussed here. 
approach r e l i e s  upon feedback from the processed k’M s ignal  t o  com- 
press a WBFM signal  t o  a NBFM signal (Mf=l /  J3) 
a block diagram of an FCFL dkmodulator, 
This 
Figure 3 shows 
bandpa ss frequency lowpass 
mixer f i l t e r  discriminator f i l t e r  
e 
2 
Figure 3. Block Diagram of an FCFL Demodulator 
The VCO (voltage controlled osc i l l a to r )  is adjusted so that  it 
be modulated by the baseband signal a t  a modulation index j u s t  
L 
will 
s l i g h t l y  less than the modulation index of the IF signal. 
the output of the VCO is mixed w i t h  the I F  s ignal  acd the difference 
frequency retained, the input t o  t h c  detector will be an FM signal 
with a modulation index equal t o  the difference of the modulation 
indexes of the IF  s ignal  and the VCO output. This s igna l  is then 
detected t o  give the baseband signal. 
When 
Perhaps the simplest nonrigorous qua l i ta t ive  explanation of 
the  operation of the ideal ized FCFL demodulator i s  i n  terms of the  
frequency spectrum. 
highest frequency of information signal. Since this  gives a WBFM 
signal, i t s  spec t ra l  density function w i l l  be similar t o  Figure h. 
As pointed out i n  section 2.1.4, the high frequencies a t  baseband 
corresponded t o  the more rapid frequency changes i n  the I F  signal, 
Conversely, the low frequencies a t  baseband correspond t o  the 
slower frequency changes i n  the  I F  signal4 
i s  l imited t o  BWIF, the baseband noise spec t ra l  components which l i e  
above the highest information signal frequency must have corres- 
ponding IF s ignal  components as i l l u s t r a t e d  i n  Figure 4b, of lower 
modulation index than the  information signal,  i n  order t o  have been 
passed by the I F  f i l t e r ,  
may correspond t o  the  spec t ra l  density functions given by Figures 4c 
o r  4d. 
Assume the  IF signal  has been modulated by the 
Since the IF bandwidth 
The low frequency spec t ra l  noise components 
Assume t h a t  a baseband signal is available which contains only 
the information s ignal  and noise of frequencies less than o r  equal 
t o  the highest frequency i n  the  information signal. 
na l  i s  used t o  modulate the VCO, the VCO output W i l l  contain spectral 
components similar t o  those given i n  Figures 4e through 4h. 
If th i s  sig- 
The modulation index of t h i s  signal has been chosen t o  be s l i gh t ly  
less than that of the I F  signal. 
and the difference frequencies retained, t he  mixer output w i l l  con- 
t a i n  the  spec t ra l  components shown i n  Figures 4 i  through 4 1 s 
If these two signals are then mixed 
Note tha t  the spec t ra l  Components corresponding t o  the informa- 
t i o n  s ignal  and t o  the low frequency baseband noise have been com- 
pressed t o  a bandwidth of twice the highest frequency of the infor- 
mation signal,  2 fm. 
high baseband frequencies were not compressed. 
can now be l imited t o  a bandwidth of 2 fm without deter iorat ing t h e  
information signal. 
p m e n t s  shown i n  Figures 4m through 4p. 
thus  be t h e  required baseband signal containing no noise components 
higher than fm. 
However, the components corresponding t o  the  
The mixer output 
This gives a detector input containing the  com- 
The detector output w i l l  
- 15 - 
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The FCFL demodulator i s  thus a predetection f i l t e r i n g  tech- 
nique and, as  pointed out i n  section 2.1.4, should provide a reduc- 
tion i n  the  F%I threshold. 
2.2.2 Derivations on the FCFL Demodulator 
The reduction i n  modulation index i n i t i a t e d  by the  FCFL demodub 
l a t o r  can readi ly  be shown by the following elementary analysis. 
From Eq. (4):  
Assume: 
e osc = E  osc COS [ w o t  + X p $ ( t )  - a ( t )  + 6 1. (20)  
If the difference frequency only is  retained a t  the mixer output: 
The detector output i s  thus: 
where Kd v o l t s  per cycle i s  the sens i t iv i ty  of the detector.  
If t h i s  s ignal  i s  used t o  modulate a VCO of sens i t i v i ty  Kv cycles 
per  vo l t ,  the  VCO output is given by: 
(23) 
-1 X q ( t )  
eoSc = E  osc cos [ w 0 t + KvKa (1 - Kf>  q(t> + a(t) - t a n  E + Xc(t,’ 
Equating Eqs. (20) a d  (23) gives: 
This gives: 
and : 
Thus : 
I. 
- 18 - 
The reduced modulation index, M/(1 + KdKV), can readi ly  be seen i n  
Eq. (28). 
From the qua l i ta t ive  description of the FCFL demodulator pre- 
sented above, it would seem that the  lowpass f i l t e r  is  of no use. 
The predetection f i l t e r ing ,  given by the  compression of the devia- 
t i o n  and the I F  bandpass f i l t e r ing ,  would seem t o  be capable of 
removing any noise which the lowpass, postdetection, f i l t e r  could 
remove. This would be the case if it were not f o r  the bandwidth 
expansion inherent i n  any system using negative feedback, 
I 
frequency - -  
Figure 5. Bandwidth Expansion Caused by Negative Feedback 
That is, a system having an open loop bandwidth given by curve 1 i n  
Figure 5 would have a closed bandwidth similar t o  that  given by 
curve 2. Thus, if the  signal a t  the output of the mixer deviates 
only as far as t h e  cutoff points of the  bandpass f i l t e r ,  the  noise 
bandwidth w i l l  be much wider than the signal bandwidth. 
pass filter may be xsed t o  alter t h i s  noise bandwidth. 
The low 
The e f f ec t s  
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of the lowpass f i lter may be demonstrated quantitatively with the 
aid of a baseband analog of the FCFL demodulator. 
shown i n  Figure 6. 
Such a model is 
Low Pass Mfferen- Low Pass 
Figure 6 .  Baseband Analog of an FCFL Demodulator 
where : 
*2 
f 1 +  j- HB(f)  = f l + j -  
k-Fb fb 
fb = 3 db frequency of the lowpass f i l t e r  
2kfb = 3 db bandwidth of bandpass f i l t er ,  
V d a n d  i3 = HLKY L e t  A = 
Then: 
1 - - 1 + KdKVHB(f)%(f).  
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and: 
and: 
The compressed modulation index can again be seen from Eq. (31). 
Substi tuting Eq. (30) i n t o  Eqs. (32) and (33) and normalizing t o  
unity a t  f = 0 f o r  ease of comparison yields:  
Plots of the magnitudes and phases of these two functions f o r  various 
values of k and AB (K K when normalized) a re  given i n  Appendix V. 
"he noise bandwidth expansion pointed out i n  Figure 5 can readi ly  
be seen i n  these plots.  If the noise spec t ra l  density i s  assumed 
t o  be uniformly dis t r ibuted, the noise power w i l l  be proportional 
t c  the area under the aagnitude squared curve. 
d v  
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This area can be calculated from Eq. (34): 
W 
2 (1 + AB)2k2fb 
df = [ 4 2 L c  Qi, (% )+ [(l + k)2 - 2k(l + AB)] (i) + (1 + 
-aD -aD 
(1 + AB) knfb - 
l + k  
(1 + AB) “fif 
2 
- 
and from Eq. (35): 
) ($4+ [(l + k)2 - 2k( l  t AB)] (Q2 + (1 + AB)2k2 
-cD 
(1 + AB) kxfb 1 1  + k ( l  + AB)] 
l + k  
where : 
fb = Cfif 
*if = I F  f i l t e r  bandwidth. 
- 22 - 
Let : 
c 
Then Eq. ( 3 6 )  gives: 
and E q r  (37) gives: 
00 
r\ 
8 
2 
-00 
Figure 7 shows a rough plot of these two functions as C i s  varied. 
112 c 00 I "  
Figure 7. The Effect of the Lowpass Filter Upon the Noise Bandwidth 
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2.2.3 Discussion of the  FCFL Demodulator 
C is  the  r a t i o  of the lowpass f i l t e r  bandwidth t o  the bandpass 
f i l t e r  bandwidth. Thus, an i n f i n i t e  C corresponds t o  the removal 
of t he  lowpass f i l ter .  
bandwidth at the detector input is minimum under t h i s  condition. 
However, the noise bandwidth a t  the osc i l l a to r  output i s  maximum 
under these conditions. 
would remain l i nea r ly  re la ted  t o  the  input IF  noise power, t h i s  would 
be the  optimum point. 
several  f ac to r s  which tend t o  increase the noise a t  the output of 
the VCO. 
I F  s ignal  a t  the mixer resul t ing i n  new noise components. 
From Mgure 7, it is apparent tha t  the noise 
If the noise power at  the detector input 
This is  not the case, however. There are 
Time delay around the loop can give incoherence with the 
A t  low 
the cophase componentxi of the noise, Xc, which a t  high TF 
contribute primarily amplitude variations,  appear i n  the baseband 
signal and thus phase modulate the  VCO giving more noise components. 
Cross products of noise from the  VCO and fran the IF input i n  the  
mixer add addi t ional  components. Distortions, non-linearit ies,  
imperfect l imit ing or amplitude rejection, and ather p rac t i ca l  pro- 
blems add s t i l l  more noise. Phase charac te r i s t ics  require that  the 
filters have only single poles. 
of high frequency noise a t  baseband which should be removed. 
of these propert ies  make it desirable t o  do additional f i l t e r i n g  a t  
baseband. 
mis leaves a considerable amount 
All 
The above discussion tends t o  indicate  the  presence of two 
One of these i s  the  previously discussed threshold thresholds. 
of the  conventional demodulator. The other, cal led a closed loop 
threshold, is  caused by the various added noise sources mentioned 
above. 
curve Nl i n  Figure 7) since t h i s  corresponds t o  a low pass f i l t e r  
of zero bandwidth and then no noise (o r  signal)  i s  fed i n t o  the VCO. 
Logically, the lowpass f i l t e r  bandwidth should be set so t h a t  the 
two thresholds occur a t  the same S T F .  
t heo re t i ca l ly  optimum bandwidth would require the evaluation of a 
number of covariances, a lengthy and complex procedure. 
This threshold will obviously be minimum when C = 0 (see 
The evaluation of the 
This, a s  yet, has not been done. Much addi t ional  analysis 
could be done on the FCFL Demodulator. 
2.3 Phase Locked Loop (PU) 
t 2.3.1 Introduction t o  the P U  Demodulator 
The phase locked loop, probably the  most obvious approach t o  
predetection f i l t e r i n g ,  consists of an osc i l la tor ,  phase locked 
t o  the IF signal. 
cannot be made t o  vary f a s t e r  than the highest frequency of the in- 
formation signal. 
It i s  designed so t h a t  the  o s c i l l a t o r  frequency 
Figure 8 shows a block diagram of the  phase locked loop. 
Mixer 
I I 
Figure 8. Block Diagram of a PLL Demodulator 
2.3.2 Discussion of L e  PLL Cemodulator 
The output s ignal  from a phase locked loop is  derived from 8 
voltage controlled osc i l l a to r  with a center frequency equal t o  the  
IF ca r r i e r  frequency. A mixer or  phase detector is  used t o  obtain 
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a voltage proportional t o  the  difference between the VCO frequency 
and the instantaneous frequency of the  I F  input signal. 
e r ro r  voltage i s  used t o  control the VCO frequency without the low 
pass f i l t e r  indicated i n  Figure 8, the  IF output s ignal  should be 
essent ia l ly  the  same as the IF  input signal, neglecting dis tor t ion,  
t rackingerrors ,  e tc .  The maximum r a t e  a t  which the VCO needs t o  be 
varied f o r  the passage of the s ignal  i s  given by the highest fre- 
quency i n  the information signal.  
the  SF input signal, there w i l l  be spec t ra l  components higher than 
t h i s  a t  the mixer output. 
pass f i l t e r  between the mixer and the  VCO. If t h i s  i s  done, the 
IF  output s ignal  will be a t  a higher SNR than the I F  input signal. 
For high SIRIF, a detected s ignal  from the  output would contain less 
high frequency noise than a detected s ignal  from the input p r io r  t o  
baseband f i l t e r ing .  After baseband f i l t e r i n g ,  both detected signals 
would have roughly the same SEI,,. 
s ignal  obtained by detecting the output w i l l  occur a t  a lower SN 
If t h i s  
l f  random noise i s  present on 
These may readi ly  be removed by a low 
However, the  threshold f o r  the 
5 F  
Notice t h a t  the  output of the PLL i s  an I F  signal. If the VCO 
frequency can be made t o  vary l inear ly  with the  control signal,  a 
baseband signal can be obtained by d i f fe ren t ia t ing  the  control sig- 
nal. This i s  generally not the case, however, and the VCO s ignal  
i s  taken a s  the  output. 
conventional FM detector. 
This signal may then be detected i n  a 
With the advent of new and bet ter  voltage variable capacitors, 
a new generation of P U  demodulatorsmaybe i n  the making. 
Much disagreement s t i l l  ex is t s  on the  analysis of the  thres-  
hold reduction capabi l i ty  of the PLL demodulator. 
coherent analysis of the PLL demodulator, backed by experimentation, 
i s  badly needed, since the PLL i s  one of the most promising tech- 
niques f o r  FM threshold reduction, 
A rigorous, 
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2.4 Tracking F i l t e r  
2.4.1 Introduction t o  the Tracking F i l t e r  
The tracking f i l t e r ,  l i k e  the PLL, i s  a s t ra ight  forward 
approach t o  predetection f i l t e r ing .  
f i l t e r  capable of following the  instantaneous frequency of the input 
signal. 
the output is a fi l tered I F  signal. 
It consis ts  of a narrowband 
Figure 9 shows a block diagram of a tracking f i l t e r  of which 
Voltage or Current 
Tunable F i l t e r  
1 
Control 1 '  Signal 
- 
Lowpa s s 
F i l t e r  
Phase 
Eet ec t  oG@ 
Figure 9. Block Diagram of a Tracking F i l t e r  
2.4.2 Discussion of the Tracking F i l t e r  
As pointed out ea r l i e r ,  an FM signal  plus noise can be represented 
a t  a given ins tan t  i n  time by a single spec t ra l  component of a fre- 
quency equal to the t i m e  derivative of i t s  phase. This frequency 
w i l l  vary with time a t  a maximum rate given by the maximum baseband 
frequency. Thus, any variations faster than the highest frequency 
of the information signal,  fm, are caused by noise. If t h i s  spec- 
t r a l .  component i s  passed through a narrow f i l ter ,  the output of 
the f i l t e r  w i l l  be i n  phase wi th  the input only when the center of 
the f i l t e r  is of the  same frequency as the spec t ra l  component. If 
samples of the input andoutput signals a r e  fed i n t o  a phase detector, 
the phase detector output w i l l  be a voltage proportional t o  the 
phase e r ror  with zero output when the  f i l t e r  i s  a t  resonance. 
If the  phase detector output i s  used t o  control  the tunable  
f i l t e r ,  without the lowpass f i l ter  indicated i n  Figure 9, the IF 
s igna l  out w i l l  be essent ia l ly  the same as the IF signal i n  neglect- 
ing  time delays, ringing, etc. Since the maximum rate at  which the 
f i l t e r  needs t o  be! tuned fo r  passage of the s ignal  i s  f 
frequenckes a re  desired i n  the  control s ignal  higher than fm. 
random noise i s  present on the  input signal, there  w i l l  be spec t ra l  
components of noise above f 
ponents may be reduced by a lowpass f i l t e r  between the  phase detector 
and the f i l t e r .  If t h i s  is done, the IF output s ignal  w i l l  be a t  
a higher SNR than the I F  input signal. 
signal from the output would contain l e s s  high frequency noise than 
a detected s ignal  from the input p r io r  t o  baseband f i l t e r ing .  
baseband f i l t e r i n g ,  both detected signals would have roughly the 
same qB. 
detecting the  output w i l l  occur a t  a lower SI?F$.. 
single tuned c i r c u i t  using e i ther  a current variable inductor or 
a voltage controllable capacitor (e.g., a Varicap) . 
no m’ 
If 
i n  the control signal. These com- m 
For high TF, a detected 
After 
However, the threshold f o r  the  s ignal  obtained by 
The voltage or  current tunable f i l t e r  would probably be a 
This technique, previously not feasible  because of the non- 
a v a i l a b i l i t y  of reactive eiements which can be e l e c t r i c a l l y  varied 
a t  a suf f ic ien t ly  high frequency, i s  now deserving of fur ther  
ana ly t ica l  and experimental investigation. 
3.1 Tracking F i l t e r  
3.1.1 Tube Model 
To ve r i fy  the  tracking f i l t e r  concept, it was decided t o  design 
and construct a tube model of the t racking f i l ter .  
the  phase detector t o  give zero output, i t s  two input s ignals  must 
be i n  quadrature. To obtain th i s ,  it was decided t o  use a current 
sample from the  inductor i n  the  f i l t e r  ra ther  than a voltage sample 
from t h e  output. 
by Varicaps, voltage variable capacitors made by Philco. 
provided Varicaps up t o  1,000 pf a t  8 vol ts . )  
block diagram and Figure 11 shows a schematic diagram of the  bread- 
board model. 
In  order f o r  
The resonate frequency of the  f i l t e r  was controlled 
(Philco 
Figure 10 shows a 
Varicap 
Tunable 
F i l t e r  I so la t ion  ’I 
IF  Si-1 
+ P L  out 
t Control 
‘-1 s igna l  
Current 
Sample 
Figure 10. Block Diagram of the  Tube Model of the  Tracking F i l t e r  
(Model No. TF-1) 
- 29 - 
d i 
! 
- 30 - 
I 
The first stage is a low Q tuned amplifier. 
sample f o r  the phase detector i s  obtained v i a  a capacit ive divider 
a t  the output of t h i s  stage. 
c u i t  and i so l a t e s  the input voltage sample. 
a high Q to ro ida l  c o i l  i n  pa ra l l e l  with two s e r i e s  Varicaps connected 
back t o  back. 
voltage between the Varicaps. 
a current transformer, enclosed i n  a Faraday shield, i n  series 
with the toro ida l  co i l .  
output. A simple balanced phase detector i s  used to determine 
the e r ro r  between the resonate frequency of the  tank c i r c u i t  and 
the instantaneous frequency of the input signal. 
i s  f i l t e r e d ,  amplified, and used t o  control the Varicaps. For 
simplicity,  it was decided t o  use a s o l i d  s t a t e  phase detector and 
control s ignal  amplifier. The model i s  shown i n  Figure 12. 
Figure 13 shows the response of the system i f  the loop i s  opened 
by disconnecting the control s5gnal. The so l id  l i n e  i s  the e r r o r  
s ignal  from the phase detector. The other curve shows the bandpass 
of t h e  system when it is  not tracking. 
The input voltage 
The next stage drives the  tank c i r -  
The tank consis ts  of 
The resonate frequency i s  changed by varying the 
The current sample is  obtained from 
The f i n a l  stage i so l a t e s  the tank from the 
The e r ro r  voltage 
To demonstrate the tracking nature of the f i l t e r ,  a 1.5  mega- 
Figure 14 shows the  response of the mdel 
The top  curve i s  the output of the f i l t e r  and the 
cycle c a r r i e r  was M modulated t o  a 20 kilocycle deviation with a 
10 kilocycle sine wave. 
t o  t h i s  signal. 
bottom curve is  the control voltage. 
caused by an inherent tracking er ror  and could be reduced by 
increasing the loop gain. 
The amplitude modulation i s  
Figure 15 depicts the loss of lock caused by sweeping the fre- 
quency too  far .  The s ignal  used was a 1.5 megacycle ca r r i e r ,  FM 
modulated t o  a 65 kilocycle deviation with a 300 cycle sine wave. 
The top  curve shows the f i l t e r  output while the lower curve again 
shows the control signal. 
. 
, 
i 
. 
\ r-i 
u 
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It was found t h a t  excessively high voltage was required across 
the tank c i r c u i t  i n  order t o  keep the  current sample above the  
Barkhausen noise inherent i n  the current transformer. 
large voltages made it d i f f i c u l t  t o  keep the Varicaps properly 
biased and thus gave a dis tor ted output. It was therefore decided 
t o  terminate tests on t h i s  model and begin design and construction 
of a t r ans i s to r  model. 
loQer s ignal  leve ls  i n  the tank, use samples from points which gave 
less noise problems, have a higher loop gain, and have provisions 
f o r  obtaining a narrow bandwidth (higher Q) tank c i r cu i t .  
However, 
h e  new model would hopefully operate a t  
3.1.2 Transistor Model 
- IF Signal 
I n  
Figure 16 shows a block diagram of the t rans is tor ized  tracking 
f i l t e r  which was designed with the  above points i n  mind. 
Varicap 
Tunable 
Tank Circuit   jHr\H u l t  i p l i e r  Q 
Control ignal 
Loqa  s s 
F i l t e r  
‘  
Phase 
Detector 
Figure 16. Block Diagram of Transistorized Tracking F i l t e r  
(Model No. W-2) 
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The high Q tank c i r c u i t  i s  obtained through the use of a Q multi- 
p l i e r .  An operational tracking f i l t e r  would probably not require 
a Q multiplier,  however, f o r  experimentation, it was deemed desirable 
t o  be able t o  obtain extremely high &Is. 
Note t h a t  the  phase s h i f t e r  must be designed so t h a t  the  phase 
detector gives zero output when the tank i s  resonate a t  t he  input 
frequency. 
delays and phase s h i f t s  i n  the amplifiers. 
I n  t h i s  way, it is  possible t o  compensate f o r  t i m e  
Figure 17 shows a schernat3.c diagram of the f i l t e r  and Figure 18 
shows the  engineering model. The input stage i s  operated camon 
base so tha t  the  tanlr appears t o  be driven from a current source. 
The tank again consis ts  of a large toro ida l  c o i l  i n  p a r a l l e l  with 
two ser ies  Varicaps connected back-to-back. The Varicaps, by Philco, 
are ra ted  a t  500 picofarads a t  8 vo l t s  reverse bias. 
tanlr can be adjusted by varying C1 i n  the Q mult ipl ier  and 
the tank c i rcu i t .  
t h i s  scheme. The output amplifier consisted of a single emitter 
follower stage. For the phase detector, a simple mixer was 
selected. 
s h i f t e r  must be designed so t h a t  i t s  output i s  i n  quadrature with 
the  input voltage sample when the f i l t e r  is  a t  resonance. Proper 
design of the  phase s h i f t e r  could do more than match the quiescent 
center frequency of the  f i l t e r  t o  the car r ie r .  
i n  a compensation of changes i n  the amplifier phase s h i f t  with fre- 
quency and reduction of t he  tracking e r ro r  which i s  inherent i n  
any system of t h i s  sor t .  
The Q of the  
R1 in 
Q's i n  excess of 1,500 were eas i ly  obtained using 
For the mixer t o  give the proper output, t he  phase 
It could a l so  result 
It vas decided t o  check out t he  f i l t e r  first with the  simple 
R-C phase s h i f t e r  shown i n  Figure 11. 
With the control s ignal  disconnected, the open loop response is 
shown i n  Figure 19. 
while it i s  not tracking and the  lower curve shows the  e r ro r  voltage. 
Note t h a t  the  e r ro r  s ignal  differs grea t ly  from t h a t  shown i n  Figure 
13, a much more desirable response. This deter iorat ion is caused by 
t o o  l i t t l e  phase sh i f t  i n  the phase sh i f te r .  
The upper curve shows the  f i l t e r  response 
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Figure 20 shows the  closed loop response of the tracking f i l t e r  
t o  a 1.15 megacycle signal,  FM modulated t o  a 15 kilocycle devia- 
t i o n  by a 400 cycle sine wave. 
of the f i l t e r .  Variations i n  the tracking e r ro r  can be seen i n  
the form of amplitude modulation of th i s  signal.  
i s  the  control or e r ro r  signal. 
quency of the f i l t e r  var ies  l inear ly  with the control voltage, the 
baseband signal, i n  t h i s  case the 400 cycle sinewave, can be obtained 
by d i f fe ren t ia t ing  the  control signal. 
The top curve i s  the  IF s ignal  out 
The bottom curve 
Recall t h a t  i f  the resonate fre- 
Figure 21 shows the  closed loop response of the  f i l t e r  a s  the  
input frequency is  l inea r ly  swept pas t  i t s  passband. The upper 
curve i s  again the I F  s ignal  out and the lower i s  the control o r  
e r r o r  signal. As would be expected from the open loop response, 
the f i l t e r  gradually canes i n t o  lock a t  the  low frequency end and 
abruptly drops out of lock at  the high frequency end. 
l i nea r  response while i n  lock accounts fo r  the very low dis tor t ion  
of the e r ro r  s ignal  i n  Figure 20. 
The amazingly 
The next s tep  i n  the development of a good tracking f i l t e r  
would be t o  improve the phase shif ter .  
any other addi t ional  experimentation o r  analysis t o  be done with 
the tracking f i l ter .  Although the -hacking f i l t e r  s t i l l  looked 
very promising, it was necessary t o  defer additional work on it. 
Time did not permit t h i s  or 
3.2 FCFL Demodulator 
An experimental model of the frequency compressive feedback loop 
demodulator, the system which NASA expressed the most i n t e re s t  in ,  was 
designed and constructed. 
22. 
A block diagram of t h i s  model i s  shown i n  Figure 
r.f. 
AmP 
- /:-: 
._I fx5 * Base banh , .  
High Bandpass IF  
Gain F i l t e r  Amp e 
Frequency Lowpass Limiter .  
Discriminator F i l t e r  
Figure 22. Block Diagram of the  FCFL Demodulator Model 
The loop must be designed f o r  minimum time delay and m a x i m u m  l i n e a r i t y  t o  
minimize the generation of new noise components. 
schematic diagram of the  model. 
t i m e  delay. 
is an emitter follower, providing the low output impedance necessary t o  
drive the simple diode l imiter .  The frequency discriminator provides a 
d i f f e r e n t i a l  output and thus two lowpass Tilters were required, one from 
each output t o  ground. 
t i a l  baseband amplifier. 
t i a l  amplifier i n  such a way t h a t  the  gain may be varied even a t  doc., but 
the  quiescent output voltage will not change as the  gain i s  varied. 
permits d i rec t  coupling of the s ingle  ended baseband amplifier stage t o  
the d i f f e r e n t i a l  amplifier and then direct  coupling the VCO t o  the s ingle  
ended amplifier. 
The VCO uses Varicaps as the frequency determining elements. 
Figure 23 shows a 
A l l  elements were kept simple t o  minimize 
The mixer gave a conversion gain of 40 db. The I F  amplifier 
The outputs of f i l t e r s  a re  used t o  drive a differen- 
A single  ended output is  taken from the differen- 
This 
Thus an AFT has essent ia l ly  been bu i l t  i n t o  the loop. 
Figure 24 shows t h e  engineering model of the FCFZ demodulator. 
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The FCFI-I demodulator t ha t  was constructed is capable of s table  opera- 
t i o n  with up t o  20 db of feedback around it. 
l a t i o n  index reduction of up t o  10 t o  1. 
bi l i t i es  of the FCR, demodulator may be readily seen by comparing the 
s ignal  spectrum a t  the input t o  the loop t o  t h a t  inside the loop before 
the discriminator. 
modulated input signal. 
compression. 
and 26 leads one t o  believe t h a t  i f  the loop bandpass f i l t e r  were made 
j u s t  wide enough t o  pass the  compressed signal, then an appreciable reduc- 
t i o n  of the noise bandwidth would be achieved. This would then r e su l t  
i n  a signal-to-noise r a t i o  improvement before the  discriminator and the 
desired threshold reduction would be realized. However, as discussed i n  
Section 2.2.2 and fur ther  i n  Appendix V, if the  loop bandpass f i l t e r  is 
made j u s t  wide enough t o  pass the compressed signal, t h i s  w i l l  not 
par t icu lar ly  reduce the  noise bandwidth before the discriminator a f t e r  
feedback is  applied. 
on the noise band@*dth preceding the discriminator. 
open loop carrier-plus-noise spectrum a t  the discriminator input. Figure 
28 shows the e f fec ts  of a large amount of feedback on the noise spectrum 
a t  the discriminator input. This increased bandwidth due t o  feedback is  
s t i l l  very much i n  evidence even a f t e r  lowpass f i l t e r i n g  i n  the loop. 
Figure 29 shows the open and closed loop baseband response f o r  two values 
of loop bandpass f i l t e r  bandwidth. 
presented i n  Figures 25 through 29. graphically i l l u s t r a t e  the inherent 
l imi ta t ions  of the  FCFL approach t o  FM threshold reduction. While the 
FCF'L demodulator does provide a considerable reduction i n  the s ignal  
bandwidth, it makes very inef f ic ien t  use of t h i s  narrowband signal 
because of the  l imited f i l t e r i n g  possible inside the  loop and the  
loop bandwidth expansion inherent i n  a l l  negative feedback loops. It 
is obvious t h a t  the amount of threshold improvement predicted f o r  the 
Idealized FCFL demodulator i s  not a t t a inab le .  
care i s  not exercised i n  the  design of t h e  FCF'L demodulator, not only 
This can provide a modu- 
The bandwidth compression capa- 
Figure 25 shows the  spectrum of a t yp ica l  sinusoidally 
Figure 26 shows the s ignal  inside the loop a f t e r  
Comparison of the two spectral  bandwidths of Figures 25 
Figures 27 and 28 i l l u s t r a t e  the  e f f ec t s  of feedback 
Figure 27 shows the 
The FCFL demodulator character is t ics  
As a matter of f ac t ,  if 
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Figure 27. Open Loop Carrier-Plus-Noise Spectrum 
Figure 28. Closed Loop Carrier-Plus-Noise ,Spectrum 
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w i l l  t he  IF signal-to-noise r a t i o  a t  which the  threshold occurs be 
appreciably reduced, but the overal l  system performance may be deterio- 
rated. 
The l i nea r  tracking capabi l i ty  of the engineering model FCFL 
demodulator i s  i l l u s t r a t e d  i n  Figures 30 and 31. These f igures  show the  
open and closed loop responses respectively when the  input s ignal  i s  
l i nea r ly  swept over 300 kc. The so l id  t race  is  the VCO input signal; 
the other i s  the  loop bandpass f i l t e r  response t o  the swept input signal. 
The abrupt rise a t  the  low frequency end of the response i n  Figure 31 
i s  caused by forward biasing of the VCO Varicaps. Under normal operation, 
the loop operates only over a small portion of t h i s  character is t ic .  
Before performance data  could be taken on the FCFL demodulator, it 
was necessary t o  construct a baseband f i l t e r  which would take advantage 
of the  lW improvement capabi l i t i es  of the loop discriminator. 
t r a t e d  i n  Figure 29, the  single pole loop lowpass f i l t e r  does not provide 
a desirable baseband charac te r i s t ic  even under open loop conditions. 
The response charac te r i s t ics  of the baseband f i l t e r ,  which is  used 
external  t o  the loop, i s  shown i n  Figure 32. 
Figure 33. 
A s  i l l u s -  
Its schematic is  shown i n  
It was a l so  necessary t o  construct a 10 mc I F  amplifier with the  
capabi l i ty  of providing a t  l e a s t  two different  noise bandwidths so cam- 
parative data could be taken on loop performance. 
diagramed i n  Figure 34. 
noise measurements a t  a point w e l l  i solated from the VCO s ignal  or  the 
data taken w i l l  be adversely affected by osc i l l a to r  feedthrough, especi- 
a l l y  a t  high SNR's. It i s  a l so  desirable t o  take a l l  data with the  VTVM 
a t  one point  so t h a t  network corrections are not necessary as the  VTVM 
is moved about. 
the 10 mc IF  amplifier. 
ments, for  t he  noise bandwidth at t h i s  point i s  the  desired one. 
when taking open loop data, the noise bandwidth a t  the discriminator 
input is  determined by both the 10 mc I F  amplifier and the  loop Bandpass 
F i l t e r .  
the SNR, as measured a t  the 10 rnc I F  output, for  the additional s e l ec t iv i ty  
The t e s t  setup i s  
It is  necessary t o  make the  input s ignal  and 
For t h i s  reason, the  SNF$F is  measured a t  the output of 
This poses no problem fo r  closed loop measure- 
However, 
It is  thus necessary t o  determine a fac tor  which w i l l  correct  
Figure 30. Open Loop Swept Frequency Response 
Figure 31. Closed Loop Swept Frequency Response 
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afforded by the  loop Bandpass F i l t e r ,  i n  the  open loop case. 
comparative measurements a t  the two points, a t  low SNR, where the  VCO 
feedthrough is  almost negligible, it was determined t h a t  the  correction 
fac tor  was essent ia l ly  the r a t i o  of t he  3 db bandwidths measured a t  the  
two points. 
By making 
A modulation index of 1.2 w a s  chosen as the value a t  which compara- 
This represents a typ ica l  c a r r i e r  modula- t i v e  SNR data would be taken. 
t i on  index value f o r  the  Apollo data system as outlined i n  the  Specifica- 
t i o n  for  Signal Data Demodulator System (GSFC-TDS-RFS-226). 
The objectives of the following data col lect ion procedure i s  t o  
obtain accurate, t rue  RMS values fo r  the input RF c a r r i e r  voltage and 
the output baseband voltage. 
noise or  suf f ic ien t ly  above the  noise so t h a t  they may be used t o  cal-  
culate  the reference input and output signal powers, respectively. It 
is then necessary t o  obtain the  t r u e  RMS noise output with an input 
c a r r i e r  and the  t r u e  RMS input noise without ca r r i e r  present over a 
wide range of input noise power. 
of t he  RMS input c a r r i e r  t o  the  input noise and the  SNRm i s  20 log 
of the  r a t i o  of the RMS reference baseband output s ignal  t o  the output 
noise. 
a t  t he  same points i n  t h e i r  respective c i r cu i t s  so tha t  these signal-to- 
noise power r a t i o s  may be calculated without consideration t o  the c i r c u i t  
impedance levels.  
These quant i t ies  must be measured without 
The SNRIFis then 20 log of t he  r a t i o  
The input and output s ignal  and noise voltages must be measured 
The feedback loop was opened and the loop Bandpass F i l t e r  was s e t  
at  a 90 kc bandwidth. !The FM Signal Generator was set t o  provide a 10 mv 
FM signal  a t  10 mc, deviated 12 kc by a 10 kc sinusoidal baseband signal.  
The Noise Source Attenuator was set at  maximum attenuation t o  provide 
the highest  possible input SNR. 
recorded from the  Output VTVM f o r  reference purposes. 
was turned off  a t  the  FM Signal Generator f o r  the rest of t he  measure- 
ments. The Noise Source attenuation was next reduced u n t i l  a noticeable 
change was observed i n  the  output noise and the output noise l eve l  was 
recorded. 
l eve l  w a s  recorded. 
The output s ignal  l eve l  was then 
The modulation 
The input signal. ca r r i e r  was then removed and the  input noise 
The input s ignal  car r ie r  was then replaced and the 
Noise Source attenuation was reduced 1 db. 
unti l  data had been obtained w e l l  beyondthe discriminator threshold. 
The curve labeled "Open Loop (M = 1.2)" of Figure 35 shows a typ ica l  SNR 
t ransfer  charac te r i s t ic  a s  calculated from data obtained through t h i s  
procedure. 
and the  input modulation index was se t  a t  0.6. 
repeated t o  obtain the  curve labeled "Open Loop (M = 0.6)" of Figure 35. 
This procedure was repeated 
Next, the loop Bandpass F i l t e r  bandwidth was reduced t o  20 kc, 
The procedure was then 
The loop was then closed and 3.2 db of feedback applied. The loop 
Bandpass F i l t e r  was l e f t  a t  20 kc bandwidth and the modulation index se t  
a t  1.24 
I F  Amplifier output t o  provide essent5all.y t he  same 60 kc noise bandwidth 
at  the  input t o  the F@L demodulator as was previously present a t  the 
discriminator input i n  the  open loop case. 
repeated and the curve labeled "12 db Feedback (M = 1.2)" was obtained. 
To check agreement of t he  test results with the  expression derived 
A 10 mc, 90 kc wide, tuned c i r cu i t  was then inser ted a t  the 10 mc 
!&e above procedure was then 
i n  Section 2.1.2 f o r  the  SNR t ransfer  charac te r i s t ic  of the  conventional 
demodulator, the test  conditions a re  plugged i n t o  equation 16. 
baseband bandwidth is 12 kc f o r  a l l  tests. For a modulation index of 
1.2, the  XF bandwidth i s  60 kc and fo r  a modulation index of 0.6, it is 
20 kc. 
The 
The t ransfer  relationshipabove threshold f o r  these two cases are: 
For M = 1.2 
SNRbb(db) = SNRIF + 10.3 db 
For M = 0.6 
SNRbb( db) = SI?%. - 0.46 db. 
The c ~ n ' v e s  labeled  "Predicted" of Figure 35 a re  p l o t s  of these re lat ions.  
4c 
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I 4.0 CONCI.USIONS 
I 
I 
A great deal may be concluded about t he  performance of a frequency 
I demodulator,and an FCFL demodulator i n  par t icular ,  from Figure 35. 
open loop data appears t o  agree re la t ive ly  well  with t h e  predictect. 
resu l t s .  
dieted. 
The 
The Tb data is, i n  both cases, always l e s s  than the  pre- 
This i s  undoubtedly due i n  par t  t o  noise products generated i n  , 
the  mixer. 
the  data approaches the  predicted values as the SNR improves. 
The open loop data a l so  appears t o  ver i fy  the 10 db, conventional 
This assumption is  born out t o  some extent by the  f a c t  t h a t  
demodulator threshold point predicted i n  Section 2.1.2, and the f a c t  
t h a t  the threshold i s  the same regardless of t he  modulation index. 
It w a s  pointed out i n  Section 2.2.1 $>at the  addi t iomof feedback 
t o  the  demodulator should reduce the  signal and noise by the same amount, 
thus above threshold there  should be no difference between the  two. The 
data of Figure 35 agrees very closely with t h i s  theory. 
difference observed i s  most l i k e l y  due t o  a var ia t ion between the noise 
bandwidth preceding the  frequency discriminator i n  the  open loop case 
and the  noise bandwidth i n t o  the FCFL i n  the closed loop case. 
var ia t ion  noted i n  the  slope of the two curves above threshold is  most 
probably due t o  addi t ional  noise products generated i n  the mixer when 
the  loop is  closed. 
The s l igh t  
The 
"he noise bandwidth a t  t h i s  frequency discriminator is  60 kc i n  
the  open loop case and 20 kc i n  t he  closed loop case. 
FCFL model, the threshold improvement would then be predicted t o  be 
approximately three-to one or  4.8 db. 
closed loop threshold t o  l i e  between 6 db and 7 db. 
improvement of only about 3.5 $0. 
t o  achieve the  improvement predicted from the idealized model is due, i n  
the most par t ,  t o  the  increased noise bandvidth inside the loop. The 
threshold reduction capabi l i ty  of the FCFL demodulator could probably 
be improved if  a design c r i t e r ion  could be arrived a t  t h a t  would optimize 
the loop bandpass and lowpass bandwidths f o r  the amount of feedback used. 
Fromthe idealized 
The data of Figure 35 shows the 
This i s  an actual  
This i n a b i l i t y  of the FCFL demodulator 
I 
I - 54 - 
The amount of improvement t h a t  could be gained by this optimization is 
not expected t o  be very drast ic .  
modulation index systems employing greater amounts of feedback might be 
expected t o  be much more dramatic. 
compression possible i n  the  FCF'L demodulator is a function of the amount 
The threshold reduction i n  higher 
However, the  amount of frequency 
I 
of feedback t h a t  i s  applied. 
known l imiter ,  discriminator, and voltage controlled osc i l l a to r  c i rcu i t s ,  
t he  amount of feedback it is  possible t o  apply and s t i l l  maintain an 
unconditionally s table  system i s  very def ini te ly  limited. This l i m i t  
appears t o  be somewhere i n  the v i c in i ty  of 20 db; and, a t  values above 
l'j db, exact c i r cu i t  alignment becomes very c r i t i c a l  t o  s t ab i l i t y .  
Because of the  delays inherent i n  presently 
It is  concluded from the  investigation t h a t  the FCFL demodulator's 
i ne f f i c i en t  use of i t s  compressed signal frequency spectrm,  and t h e  loop 
s t a b i l i t y  cr i ter ion,  place v e r y r e s t r i c t i v e l i m i t s  on i t s  threshold reduc- 
t i o n  capabi l i t ies .  
susceptible t o  c i r c u i t  delays and which could make more e f f i c i en t  use of 
t h e i r  bandwidth reduction capabi l i t ies ,  by keeping the control loop 
outside the  normal s ignal  path, appear t o  have a great deal  more promise. 
Two possible techniques which seem t o  meet these requirements a re  the 
Frequency-Tracked-Filter and the Phase-Locked-Loop which a re  discussed 
b r i e f ly  i n  t h i s  report. 
t h e  FCFL demodulator i n  tha t  they do not require nearly as complex c i r -  
cu i t ry  and they are  not plagued by the  severe problem of noise bandwidth 
expansion. 'phey have an addi t ional  prac t ica l  advantage i n  t h a t  they can 
be inser ted  i n  an exis t ing receiver system without major modifications 
t o  the  system. 
i n  the  course of t h i s  investigation. It i s  pointed out, however, t h a t  
with the  advent of new and be t te r  Varicaps, voltage controllable capa- 
c i to r s ,  and the poss ib i l i t y  of employing improved lowpass f i l t e r i n g  
techniques could lead t o  a great ly  improved generation of PLL demodulators. 
Predetection f i l t e r i n g  techniques which are not so 
These techniques have an inherent advantage over 
No experimental work was conducted on the  PLL demodulator 
Two r a the r  crude models of the Tracking F i l t e r  were bu i l t ,  one 
tube model and one t r ans i s to r  model. 
t h a t  t h i s  technique showed great promise, lack of time made it necessary 
t o  defer fu r the r  experimentation. This technique, when perfected, would 
have many applications i n  addition t o  FM demodulation. 
While preliminary tests indicated 
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APPENDIX I - NARROW BAND M NOISE 
The noise a t  the input t o  an F'M receiver can generally be assumed t o  
be "white," and t h u s  a random stochast ic  process. 
If t h i s  noise i s  passed through a narrow-band filter, it may be 
I t rea ted  a s  a narrow-band random process. Such a process i s  described by 
the equation: 
r -l 
where V(t)  and $ ( t )  a re  random, slowly varying ( a s  compared t o  w t )  func- 
t i ons  af t i m e ,  the r a t e  depending upon the bandwidth of the f i l t e r .  
C 
Expanding the above expression gives: 
Then: 
n ( t )  = y,(t) cos w t - y ( t )  s i n  w e t  I 
C 9 
Since y, and y a re  random variables  and can be considered t o  be sample 
functions, the  cent ra l  l i m i t  theorem guarantees t h a t  they a r e  normally 
dis t r ibuted.  
¶. 
Their independence can be proven by showing t h a t  their covariance, 
cos (ye, yq), is  zero. 
This is  extensively covered by the l i t e r a tu re ;  e.g., "Random Signals 
and Noise. 'I E383 
1-1 
~~ 
The probabi l i ty  density function of yc and y can now be expressed as: 
9 
P(YcJ Y 1 = - 1 2 e- { - 2 1 (Yc + Yq 2)}. 
2na 2a 9 
P(V, 0) can be obtained d i r ec t ly  from P(yc, y ) by transformation. 
9 
where V 3 0 and 0 S $ B 2n. 
Integrat ing P(V, 0) with respect t o  V and 0 gives: 
1 respectively. '($1 = J 
a 
V and $ are thus s t a t i s t i c a l l y  independent random variables.  
t h a t  V i s  Rayleigh dis t r ibuted and 4 is  uniformly d is t r ibu ted  from 0 t o  2%. 
Note also 
1-2 
APPENDIX I1 - D-ON OF FM SIGNAL PLUS NOISE 
Consider the I F  s ignal  input t o  the demodulator: 
= e ( t )  + n ( t )  IF e 
= E cos (wIFt .t 9 )  + V cos (uIFt + $) 
= E COS ("IFt + $) + V COS ("IFt + 9 )  COS ($ - Cp) 
+ v s i n  (wIFt + JI) s i n  ( J I  - 9) 
Let : 
= v cos ($- 0, 
xC 
x = v s i n  ($- Q).  
q 
men  : 
= E cos (w t + q )  + xC cos (uxFt + 9 )  + x s i n  (wIFt + q )  
IF Q IF 
e 
If t h i s  s igna l  i s  now amplified and clipped t o  give a unity peak amplitude 
and then applied t o  a d i f fe ren t ia tor  (or  a frequency discriminator) witha 
uni ty  slope fac tor ,  the resu l t ing  output will be: 
11- 1 
If th i s  signal i s  now applied t o  an amplitude detectorland a baseband 
filter, whose bandwidth is  just wide enough to pass the baseband signal 
and eliminate the DC term (w ), the demodulator output i s  obtained as: I F  
-1 *q 
e o = dt [ tan (E+ + t  
1 
0 (E + Xc) - X ic 
2 = q +  cl (E + Xc)2 + X 
9 
0 
11-2 
APPENDIX 111 - MEAN SQUARE VALUE OF NOISE 
I Consider the noise signal:  
. I. . 
E 
2 2 n =  
Let :  
= v cos (4) = xc 
yC /t = 0 
1 \ t = o  = v sin (4) = - x yq 
where V and $ and s t a t i s t i c a l l y  independent- Rayleigh and - uniformly 
(0-2s) dis t r ibu ted  random variables,  respectively. 
and the  baseband signal-to-noise r a t i o  above threshold region are 
affected very l i t t l e  by the presence of modulation. 
a modulated signal,  i n  f ac t ,  y ie lds  s l igh t ly  less baseband noise than an 
m o d u l a t e d  s ignal  with the same IF signal-to-noise ra t io .  
y, and y should be good approximations f o r  X and X respectively, 
above the threshold. Keep i n  mind t h a t  y, = Xc and y = -X for an 
modula t ed  car r ie r .  
According t o  S. 0. Rice's paper, [a] the  posi t ion of the threshold 
Above the threshold, 
Therefore, 
9 C 4' 
q 9 
111-1 
Thus : 
Expanding thenumerator and applying the  binomial expansion t o  the 
denominator yields:  
w O 2  - 5 Y, 2Y 'Yc'Yq Yq 
n2 = [ 3  + Q- -t- 
E3 E3 E3 
2 2  & 4  
42Yc Yq - '4 + -+- 7 + ,+ + ... 4 3Y 4 45Yc I. E E E E 
111-2 
The mean square value of a random function, i n  t h i s  case the  noise, n, 
i s  the  expectation of the square of the function. 
+co - 
2 
n = 1 n2p(n)dn = Z(n2) 
where P(n) i s  the probabili ty density function of n. 
A s  shown i n  Appendix I, the jo in t  probabili ty of V(t) and $ ( t )  i s  given 
bY : 
V(t) 5 0 0 s Q(t) s 2n , 
Then : 
Applying th i s  in t eg ra l  gives: 
- - - - 
3 -  a l l  other odd moments = 0 3 
.. - - Y, - Yq - Ye = Yq - Y,Yq 
111-3 
- - 
2 2 2 Y, = Yp = a 
F - 4 4 
y, - Yq = 3a 
In Appendix N, it is shown tha t :  
7 2  Multiplying out the c :ssion f o r  n and subs t i tu t ing  the  above functfons 
y ie lds  : 
111-4 
- 
APPENDIX N - EVALUATION OF 
9 
As i n  Appendix 111, y w i l l  be used instead of X where: 9 4 
We may represent y by a Fourier Series;  
9 
= ( -  % s i n  2nf t + bk cos 2nfkt) 
y¶ k 
where ak and b are independent, normally d is t r ibu ted  var iables  with a k ,  
zero mean and ok’ variance. 
yQ (2nfk) (- % cos 2nfkt  - bk s i n  2nfkt) 
I V - 1  
- 
2 2 2  (elfk) (% cos 2xfkt + 2 akbk cos 2rrfkt s i n  2nf t k 
The same procedure gives: 
Thus : 
Iv-2 
Since the noise power can be assumed t o  be uniformly distributed across 
~ the IF bandwidth, BWW: 
2 where Q i s  the variance of the noise. 
Since the output noise i s  limited t o  the baseband bandwidth, BWbb: 
APPIBDIX V 
In  an e f f o r t  t o  determine the  effect of the low pass f i l t e r  i n  the 
F C n  upon the noise bandwidth a t  the osc i l la tor  output and a t  the detector 
input, the closed loop response was evaluated. This yielded the following 
equations (Eq. (32) and Eq. (33) i n  the t e x t ,  respectively):  
' ' i n  'norm 
L -  
Using an IBM 1620 computer, the phase and magnitude curves f o r  these two 
expressions were evaluated f o r  several  k ' s  and AB'S. 
shown i n  the following t en  graphs. 
These curves a re  
v-1 
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